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Lipids	 are	 well-known	 targets	 of	 reactive	 nitrogen	 species	 and	 this	 reaction	 leads	 to	 the	
formation	 of	 nitrated	 lipids	 that	 have	 been	 associated	 with	 anti-inflammatory	 and	
cytoprotective	 effects.	 Nitro-fatty	 acids	 (NO2-FA)	 are	 highly	 electrophilic	 compounds	 that	
can	form	covalent	adducts	with	proteins,	 leading	to	the	formation	of	 lipoxidation	adducts,	
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which	modulate	 the	protein	 structure	 and	 function.	Nitrated	phospholipids	 (NO2-PL)	have	
been	 detected	 recently	 in	 biological	 samples,	 but	 their	 biological	 effects	 are	 unknown,	
although	similarly	to	what	it	has	been	described	for	nitrated	lipids,	we	hypothesize	that	they	
may	 react	 with	 peptides	 and	 proteins.	We	 used	 in	 vitro	 biomimetic	 assays	 to	 synthetize	
adducts	 of	 nitrated	 POPC	 (NO2POPC),	 already	 detected	 in	 biological	 samples,	 and	 GSH	
peptide.	 The	 formation	 of	 NO2POPC-GSH	 adducts	 was	 studied	 by	 ESI-MS	 and	MS2,	 using	
both	low	and	higher	energy	CID	in	different	MS	platforms:	a	LXQ	linear	ion	trap,	a	Q-TOF	2,	
and	 a	 Q-Exactive	 Hybrid	 Quadrupole-Orbitrap.	 Typical	 product	 ions	 observed	 under	 MS2	
conditions	 were	 modified	 b,	 y	 and	 C	 ions	 bearing	 NO2POPC	 covalently	 linked,	 that	
unequivocally	confirmed	the	presence	of	the	lipid-peptide	adduct.	Typical	loss	of	HNO2	was	
only	observed	in	the	MS2	of	the	mono	charged	precursor	ions,	[M+H]+.	Product	ions	at	m/z	
184	 or	 neutral	 loss	 of	 183	 Da	 were	 assigned	 as	 typical	 fragmentations	 that	 confirm	 the	



















Phospholipids,	 main	 components	 of	 lipoproteins	 and	 cell	 membranes,	 are	 prone	 to	 be	
modified	by	reactive	oxygen	species	(ROS)	and	reactive	nitrogen	species	(RNS),	leading	to	a	
plethora	of	oxidized	or	nitrated	and	nitroxidized	lipids.	Among	these,	oxidized	lipids	bearing	
terminal	 carbonyl	 group	 and	 nitrated	 lipids,	 are	 highly	 reactive	 electrophilic	 compounds,	
and	 can	 form	 covalent	 adducts	 with	 proteins,	 leading	 to	 the	 formation	 of	 lipoxidation	
adducts	[1,	2].	These	reactions	are	main	routes	of	protein	post-translational	modifications	[3,	
4]	being	responsible	for	modulation	of	protein’s	structure	and	function.	Most	of	the	studies	
have	 been	 focused	 on	 lipoxidation	 adducts	 formed	 between	 peptides	 and	 proteins	 with	
electrophilic	 oxidized	 lipids	 [5,	 6]	 and,	 usually,	 these	 adducts	 are	 reported	 to	 have	
deleterious	effects	associated	with	inflammation	and	several	diseases	[1].	
More	 recently,	 peptide	 and	 protein	modifications	 by	 covalent	 adduction	 to	 nitrated	 fatty	












adducts,	 is	 usually	 done	 by	 using	 mass	 spectrometry	 (MS)-based	 approaches	 [13].	 This	
approach	allows	to	specify	the	electrophilic	molecule	that	is	covalently	linked	to	peptide	or	
protein,	 and	 to	 localize	 the	 addition	 site	 [5].	 This	 structural	 information	 is	 obtained	 by	
analysis	 of	 the	 fragmentation	 pattern	 of	 peptide-electrophilic	 adducts	 obtained	 using	
tandem	mass	spectrometry	experiments.	[5,	6].		
Very	 recently,	nitro-phospholipids	 (NO2-PL)	were	detected	 in	vitro	 and	 in	vivo	 systems,	by	
our	 group	 [19,	 20],	 using	MS-based	 approaches.	Nitro	derivatives	 of	 phosphatidylcholines	




phase	 in	 a	 cellular	 model	 of	 myocardium	 infarction	 in	 autophagy	 [20].	 Also,	 NO2POPC	
showed	 antioxidant	 properties	 as	 scavenging	 agents	 and	 anti-inflammatory	 properties	 by	
inhibiting	the	expression	of	iNOS	in	Raw	264.7	macrophages	stimulated	with	LPS	[21].	
However,	there	are	no	studies	on	the	possible	adduction	of	NO2-PLs	to	peptides.	Thus,	the	
aim	 of	 our	 work	 was	 to	 identify	 for	 the	 first	 time	 the	 typical	 tandem	MS	 fragmentation	
pattern	 of	 the	 covalent	 adducts	 formed	 between	 GSH	 and	 NO2POPC,	 one	 of	 the	 NO2-PL	
species	 reported	 in	 biological	 samples	 [19,	 20],	 and	 that	 may	 have	 important	 biological	
properties.	Analysis	by	tandem	MS	was	performed	in	three	different	instruments	commonly	
used	 in	 lipidomics	 and	 proteomics	 approaches:	 an	 LXQ	 linear	 ion	 trap	 (LXQ-LIT),	 a	Q-TOF	
5	
hybrid	 quadrupole	 time-of-flight,	 and	 a	 high-resolution	 Q	 Exactive	 Hybrid	 Quadrupole-
Orbitrap.	Herein,	we	have	characterized	the	covalent	Michael	adduct	formed	between	GSH	
and	 NO2-POPC	 by	 MS-based	 approaches,	 opening	 a	 new	 field	 of	 study	 for	 nitroxidative	
stress	 downstream	 processes	 and	 to	 unveil	 the	 possible	 role	 of	 NO2-PL	 in	 protein’s	 post-
translational	modifications.	
Material	and	methods	




tube.	 Then,	 an	 excess	 of	 the	 solid	 NO2BF4	 (≈	 1	 mg)	 was	 added.	 The	 vial	 containing	 the	






analysed	 by	 ESI-MS	 and	 MS/MS	 in	 an	 LXQ	 linear	 ion	 trap	 (LIT)	 mass	 spectrometer	
(ThermoFinnigan,	 San	 Jose,	 CA,	 USA)	 in	 positive-ion	 mode.	 After	 analysis	 of	 ESI-MS	
spectrum,	 it	was	 possible	 to	 identify	 the	 [NO2POPC+H]+	 ion	 at	m/z	 805.7,	 confirming	 the	







air,	 favouring	 oxidation	 and	 decomposition	 of	 nitro	 POPC)	 and	 considering	 that	 the	
hydrofluoride	 nitro-POPC	 derivative	 lose	 the	 double	 bond,	 thus	 is	 not	 reactive	 toward	
protein/	peptides,	 the	NO2POPC	was	used	without	 further	purification	 steps .The	adducts	
between	 the	 NO2POPC	 and	 GSH	 (reduced	 form;	 Sigma-Aldrich,	 St	 Louis,	 MO,	 USA)	 were	
obtained	 by	mixing	 0.25	 µmol	 of	 NO2POPC	with	 1.25	 µmol	 of	 GSH	 in	 50	 µL	 of	 NH4HCO3	
buffer	 (5mM,	 pH	 7.4;	 Sigma-Aldrich,	 St	 Louis,	 MO,	 USA),	 under	 a	 N2	 atmosphere.	 The	
mixture	was	vortexed	 for	15	min,	 sonicated	 for	5	min	and	 incubated	at	37	ºC	 for	6	h	 in	a	
shaker	at	750	rpm.	Aliquots	of	4	µL	of	product	mixture	were	diluted	to	200	µL	of	MeOH:H2O	
(3:1,	v/v)	with	1%	 formic	acid	 (Sigma-Aldrich,	St	 Louis,	MO,	USA),	and	analysed	by	ESI-MS	
using	 different	 instruments	 operating	 in	 positive-ion	 mode:	 a	 LXQ	 linear	 ion	 trap	 (LIT)	















to	 1200.	MS/MS	 spectra	 were	 acquired	 using	 argon	 as	 the	 collision	 gas.	 The	 normalized	
collision	energy	used	was	25	(arbitrary	units).	Data	acquisition	and	analysis	were	performed	
using	MassLynx	4.0	data	system.	
In	 the	 ESI	 Q	 Exactive	 Hybrid	 Quadrupole-Orbitrap	 mass	 spectrometer	 (Thermo	 Fisher	
Scientific,	Bremen,	Germany),	samples	were	introduced	through	direct	infusion	at	flow	rate	
of	10	µL/min	and	the	operating	conditions	were	as	follows:	the	electrospray	voltage	was	+3	








The	 covalent	 adduct	 of	 NO2POPC	 and	 GSH	 was	 identified	 in	 the	 ESI-MS	 spectra	 by	 the	
presence	of	the	[M+2H]2+	ions	at	m/z	556.832	and	[M+H]+	ions	at	m/z	1112.656	(Figure	1),	
as	 confirmed	by	exact	mass	measurement	 in	 the	high	 resolution	Q	Exactive	Orbitrap	 (not	






of	membranes	 and	 by	 fluorescence	measurements,	 vibrational	 spectroscopy,	 and	 coarse-
grained	computer	 simulations	 to	demonstrate	 that	NO2-OA	changes	 the	 lipid	organization	
and	 are	 mainly	 accumulated	 at	 the	 membrane–water	 interface	 [23].	 NO2-OA	 is	 able	 to	
shape	 the	 molecular	 organization	 of	 model	 membranes	 along	 the	 bilayer,	 and	 the	 nitro	
group	 is	 preferentially	 located	 near	 the	 head	 group	 of	 the	 phospholipid	 [23].	 This	
arrangement	 facilitates	 the	 location	 of	 the	 nitro	 group	 more	 closely	 to	 the	 membrane–
water	 interface	 that	 favors	 the	 electrophilic	 adduction	of	 the	nitro-lipids	with	 the	 anionic	
sulfhydryl	moiety	of	the	cysteine	in	peptides	and	proteins,	in	an	aqueous	medium.	




Exactive	Orbitrap	 (HCD)	are	 shown	 in	 Figures	2	 and	3.	 These	MS	platforms	were	 selected	




the	 three	 instruments	 (Figure	 2)	 showed	 some	 common	 fragmentation	 pathways	 such	 as	
the	 ion	arising	 from	 the	neutral	 loss	of	HNO2	 ([M+H-HNO2]+,	 at	m/z	 1065.658,	 confirming	
the	 presence	 of	 NO2-PL	 species.	 It	 was	 also	 observed	 the	mono	 charged	 y2	 fragment	 ion	
linked	 to	 the	 nitrated	 POPC,	 designed	 as	 *y2+	 (at	 m/z	 983.615)	 product	 ion,	 (where	 *	
indicates	 that	 the	product	 ion	has	a	nitrated	POPC	moiety)	 formed	by	the	cleavage	of	 the	
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peptide	 backbone	 in	 the	 vicinity	 of	 Cys	where	 the	NO2-POPC	 is	 linked	 (Scheme	 2).	 These	
MS/MS	spectra	showed	also	the	loss	of	HNO2	from	*y2+,	inferred	by	the	observation	of	the	
product	ion	at	m/z	936.614.	A	product	ion	at	m/z	663.5,	arising	from	the	cleavage	of	the	C9-
C10	 bond	 of	 the	 modified	 fatty	 acyl	 chain,	 was	 only	 observed	 in	 the	 tandem	 spectra	
acquired	 in	 the	 ESI-Linear	 ion	 trap	 and	Q-TOF	 instruments.	 The	 presence	 of	 product	 ions	
attributed	 to	 [NO2POPC+H]+	 (at	 m/z	 805.6),	 [POPC+H]+	 (at	 m/z	 760.6)	 and	 at	
phosphatidylcholine	head	(at	m/z	184.1,	allowed	to	confirm	the	identity	of	NO2-PL.	No	loss	
of	 HNO	 was	 observed	 in	 the	 MS/MS	 spectra	 of	 the	 [M+H]+,	 and	 of	 the	 [M+2H]2+,	 thus	
excluding	the	contribution	of	possible	nitroso	derivatives.	
The	tandem	mass	spectra	of	the	double	charged	[M+2H]2+	ions	showed,	in	all	 instruments,	
(Figure	 3),	 the	 common	 product	 ions	 *y22+	 (at	m/z	 492.311),	 	 *b22+	 (at	m/z	 519.316),	 and	
*C12+	(at	m/z	440.797),	 all	 corresponding	 to	 peptide	 fragments	 adducted	 to	NO2POPC.	 All	
these	 product	 ions	 confirmed	 the	 presence	 of	 the	 NO2POPC	 covalently	 linked	 to	 the	 Cys	
residue	of	glutathione.	Loss	of	HNO2	was	absent	or	observed	with	very	low	abundance.	In	all	
MS/MS	spectra	was	also	possible	to	detect	the	loss	of	phosphocholine	(-183	Da),	observed	
either	 from	 the	 precursor	 ion	with	 formation	 of	 the	 product	 ion	 at	m/z	 929.591,	 or	 also	
combined	with	cleavages	of	the	peptide	product	ions:	*y2+-183	(at	m/z	800.5471)	and	*b22+-
183	 (at	m/z	 854.558).	 Similarly,	 as	 observed	 in	 the	 case	 of	 the	 mono	 charged	 ion,	 the	
[POPC+H]+	 product	 ion	 (at	m/z	 760.588)	 and	 the	 PC	 polar	 head	 (at	m/z	 184.074),	 were	
observed	 in	 all	 spectra.	 All	 these	 product	 ions	 confirmed	 the	 presence	 of	 a	
phosphatidylcholine	covalently	linked	to	the	peptide.		
Overall,	comparing	the	MS/MS	spectra	from	the	three	mass	spectrometers,	we	can	highlight	
as	 common	 features	 that	 clearly	 identify	 the	 presence	 of	 NO2POPC-GSH	 adducts,	 the	
product	 ions	 *y2,	 and	 the	 product	 ions	 and	 combined	 neutral	 losses	 associated	 with	 the	
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phosphocholine	polar	head	(m/z	184	or	loss	of	183Da).	Other	important	reporter	ions	were	
*y2-HNO2	 (observed	 in	 the	 case	 of	 fragmentation	 of	mono	 charged	 ions),	 the	 *b2	 and	 *C1	
(observed	in	the	case	of	fragmentation	of	double	charged	ions).	Typical	neutral	loss	(NLs)	of	
HNO2	was	observed	 in	 the	case	of	mono	charged	 ions.	The	presence	of	 the	 fragment	 ions	
*y2,	*y2-HNO2	together	with	the	cysteine	immonium	ions	*C1	support	the	hypothesis	that	the	
lipid	 backbone	 of	 the	 NO2POPC	 was	 bonded	 to	 the	 cysteine-	 moiety	 of	 GSH.	 The	 main	
product	ions,	identified	as	y2,	b22+,	and	C1,	now	observed	for	the	NO2POPC-GSH	adduct,	were	
also	 reported	 in	 tandem	 MS	 of	 the	 [M+H]+	 	 ions	 of	 the	 NO2-FA-GSH	 adduct	 [13].	 In	
consequence,	 these	product	 ions	 (*y2,	 *b2,	 *C1)	 can	be	 considered	as	 reporter	 ions	 for	 the	
target	 analysis	 of	 these	 nitro	 lipoxidation	 adducts	 in	 biological	 samples.	 However,	 in	 this	
case	of	the	NO2FA	adducts,	loss	of	HNO2	was	not	observed	in	the	MS/MS	spectrum	but	was	
only	observed	by	MS3	of	*y2,	when	using	the	ion	trap	instrument	[13].	







accessibility	 for	 interaction	 between	 NO2-PL	 and	 peptides.	 This	 suggests	 the	 idea	 that	 a	






and	 MS2.	 This	 approach	 allows	 to	 identify	 the	 nature	 of	 modified	 phospholipid	 that	 is	
covalently	 bound	 to	 the	 peptide/protein	 and	 the	 reported	 ions	 identified	 can	 be	 used	 to	
pinpoint	these	adductions	in	biological	systems.	The	biological	effects	of	these	new	kind	of	
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Scheme	 1.	 The	 general	mechanism	 of	 reaction	 for	 adduction	 of	 NO2-PL	 to	 GSH	with	 the	
formation	of	Michael	adducts.	The	reaction	of	NO2POPC	with	GSH	should	occur	in	aqueous	
media,	as	proposed	for	nitro	oleic	acid	(NO2-OA)	[23].		
Scheme	 2.	 Main	 fragmentation	 pathways	 observed	 in	 the	 ESI-MS/MS	 spectra	 of	 the	
NO2POPC-GSH	adducts	detected	in	all	the	mass	spectrometers,	A)	mono	charged	[M+H]+	ion	
and	B)	double	charged	[M+2H]2+.	
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